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Abstract

The effects on fatigue life of high temperature exposures
simulating service conditions were considered for two disk
superalloys. Powder metallurgy processed, supersolvus heat
treated Udimet® 720 and ME3 fatigue specimens were exposed in
air at temperatures of 650 to 704°C, for times of 100 h to over
1000 h. They were then tested using conventional fatigue tests at
650 and 704°C, to determine the effects of exposure on fatigue
resistance. Cyclic dwell verification tests were also performed to
contrast the effects of intermixed exposures and fatigue cycles.
The prior exposures reduced life by up to 70% and increased the
scatter in life, compared to unexposed levels. Cyclic dwell tests
reduced lives even more. Fractographic evaluations indicated the
failure mode was shifted by the exposures and cyclic dwells from
predominantly internal to often surface crack initiations. The
increased scatter in life was related to the competition between
internal crack initiations at inclusions or large grains producing
longer lives, and surface crack initiations at an environmentally
affected surface layer producing shorter lives.

Introduction

Low cycle fatigue (LCF) tests conventionally used to characterize
the low cycle fatigue resistance of disk superalloys are usually
performed at cyclic frequencies of 0.33 Hz or faster, in the
interests of time and cost. However, service conditions for disks
in some aerospace and land-based gas turbine engines can
produce major cycle periods extending from minutes to hours and
days. Over a service life, this can produce total service times
exceeding 1,000 hours for aerospace applications and 100,000
hours for land-based applications. The costs of running strain-
controlled low cycle fatigue tests in this manner would be
prohibitive from both time and cost considerations. However,
some aspects of the surface effects of realistic total exposure times
could possibly be considered economically.

Time-dependent effects of realistic mission cycles on fatigue
resistance can be significant in superalloy disks. Earlier studies
have shown that specimen fatigue tests which have dwell times
included within each cycle can give lives significantly degraded
from test cycles using conventional frequencies of 0.33 to 0.5
hertz (ref. 1-6). However, strain-controlled tests with strain
dwells at maximum strain can allow relaxation of maximum
cyclic stresses (ref. 7). This reduction in cyclic stress can
counterbalance some of the creep and environmental damage
produced by service dwell times. Such stress relaxation can be
exaggerated over that possible in real disks in service, which have
large, elastically constrained volumes. A disk cannot be allowed

to creep significantly due to very tight blade, clearance, and
rotational constraints within a turbine engine rotor. The majority
of a disk is therefore usually not subjected to stress-temperature
conditions allowing creep over 0.1-0.2% during service life.
However, the environmental exposures are present over the entire
disk surface including “hot spots” on the rim, and their effects on
disk life could be important. Extended exposures at elevated
temperatures prior to conventional LCF testing has been shown to
capture some of the effects of service environment in a cast blade
alloy at 871°C (ref. 8).

The purpose of this study was to examine the effects of extended
exposures simulating service conditions on the fatigue resistance
of disk superalloys. Powder metallurgy processed, supersolvus
heat treated Udimet 720 (U720) and ME3 superalloy fatigue
specimens were exposed in air at several potential maximum
application temperatures of 650 to 704°C for extended times.
They were then tested using conventional fatigue tests at 650 and
704°C and compared to more realistic cyclic dwell fatigue tests.

Materials and Procedure

A Udimet 720 powder metallurgy disk was obtained courtesy of
Solar Turbines from Wyman-Gordon Forgings. The powder was
first atomized in argon. It was then canned, hot isostatically
pressed, extruded and isothermally forged using typical conditions
for this alloy (ref. 9). The forged pancake was then machined to a
disk about 6lcm diameter and 10 cm thickness. The disk was
heat treated at Wyman-Gordon Forgings, Inc. on a steel tray in a
gas-fired furnace. The U720 disk was first given a supersolvus
solution heat treatment, then oil quenched. It was then given the
conventional aging heat treatment for this alloy (ref. 9). An ME3
(ref. 10) powder metallurgy disk was obtained in a similar
manner, through hot compaction, extrusion, and isothermal
forging. The forged pancake was then machined to a disk of
about 18 cm diameter and 4 cm thickness. The ME3 disk was
first given a supersolvus solution heat treatment and fan air
quenched. It was then given an aging heat treatment similar to the
U720.

Specimens were extracted away from all quenched surfaces of the
U720 disk, in order to minimize any effects on mechanical
properties of oil quenching rate variations at different specimen
locations in the disk. Specimens were extracted throughout the
smaller, slower quenched ME3 disk. The specimens had a gage
diameter of 0.64 cm and length of 1.9 cm. Many fully machined
specimens were first exposed in air as groups of five lying on a
tray in a conventional resistance heated furnace. Exposure
temperatures of 650 and 704°C were used for times of 100 and



1029 h on U720 specimens. A centerpoint exposure condition of
677°C for 510h was also included. Only a single exposure
condition at 704°C/439 h was used for ME3 specimens.

Fatigue tests were performed at 650°C on U720 and 704°C for
ME3 in closed-loop servo-hydraulic testing machines using
induction heating and axial extensometers. The strain vs. time
waveforms of baseline and verification fatigue tests are compared
in Fig. 1. Most baseline fatigue tests were performed in two
stages to reduce total testing time. First, the test was conducted in
strain control conditions using a triangular waveform to a total
strain range of 0.7% and strain ratio Re = €min/€max = 0, with a
frequency of 0.33 Hz. After cycling for 24 hours, tests were
continued to failure in load control conditions using a triangular
waveform to achieve the same stabilized maximum and minimum
loads as before, at a frequency of 10 hertz. Verification cyclic
dwell fatigue tests were performed with strain controlled
throughout the test using a triangular waveform with the same
total strain range and strain ratio, but using a load cycle taking 20
seconds followed by a dwell at 0 strain for 40 seconds. The dwell
was performed at 0 strain to prevent cumulative relaxation of the
maximum cyclic stress during the dwells. This gave a total cyclic
dwell period of 1 minute per cycle. All tests were continued until
failure.

Fractographic evaluations were performed on all specimens after
failure to determine the crack initiation sites. Metallographic
sections were prepared from one representative specimen for each
exposure and testing condition. The sections were taken from the
gage sections and oriented normal to the loading axis. Grain sizes
were determined from selected specimens according to ASTM
E112 linear intercept procedures using circular grid overlays.
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Fig. 1. Conventional and cyclic dwell test waveforms.

Results and Discussion

Starting Microstructures
The typical microstructures of untested specimens are shown in

Fig. 2. U720 specimens had a coarse grain size of ASTM 6.0 (45
um) due to the supersolvus heat treatment. ME3 specimens had a
slightly finer grain size of ASTM 7.1 (31 um).

a. . b
Fig. 2. Typical microstructures of: a. U720 and b. ME3.

Initial Assessments of Exposure Effects on U720 Fatigue Life
Fatigue life of U720 is shown versus estimated cumulative
probability to compare the effects of various exposures on
subsequent LCF life in Fig. 3. Lives of exposed specimens were
invariably lower than unexposed specimens, reducing mean life
by up to 70%. It can also be seen that exposed specimens had
lower slopes on the probability plot, indicating more scatter and
larger standard deviations than for unexposed specimens. Plots of
exposed specimen lives versus their exposure temperatures and
times are shown in Fig. 4, with no strong trends apparent due to
the scatter in life responses.
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Fig. 3. Comparison of fatigue lives at 650°C and a total strain

range of 0.7% for U720 with prior exposures.
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Fig. 4. Fatigue lives at 650°C and a total strain range of 0.7%
for U720 with prior exposures for U720 versus exposure

temperature and time.

A linear regression model was generated using forward step-wise
regression with the factors exposure temperature, log(time), and
their interaction to model fatigue life. The resulting relationship

Time-h

obtained had poor correlation and only included temperature:

log(life)=4.7653-0.1852*T",

where T’=(temperature-677)/27.
correlation coefficient Rzadj=0.373 and root mean square (rms)

error of 0.212.
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Fig. 5. Oxidized surface layers for U720 tests: a. pre-exposed
650°C/100 h, b. pre-exposed 704°C/1029 h, c. 704°C, 0.33 hertz,

M

This gave a low adjusted

@ 3.0 .
S ©850C
2 .
Lol AB77C o
> 0 704C =
et [m]
e ]
8 1.0 £ =
s E g g
o
@ @ 8
Q 00 %
0 200 400 600 800 1000 1200
Time-h
a.
g 10.0 ,
5 © B850C
E 8.0 1
A AB77C
[« N
= 6.0 10704C =)
- H
o
€ 40 O
32 A o
g 20 e o
%
o o.og % &

0 200 400 600 800 1000 1200

Time-h
b.
Fig. 6. Depths versus exposure temperature and time in U720
for: a. continuous Ni, Co oxide layer and b. Al oxide fin_ger tips.

Transverse metallographic sections were preparecl from
representative failed specimens to compare the effects ofE surface
exposures. As shown in Fig. 5, an oxidized continuouss surface
layer predominantly made up of nickel and cobalt oxide= can be
clearly seen in the exposed specimens. An additional zcone with
branched fingers of attack, rich in aluminum oxide, extended
further in. 1y’ precipitates were absent in the superalloy adjacent
to the aluminum oxide fingers. The depth of the commntinuous
Ni,Co oxide layer (DCL), and the depth to the aluminu-am oxide
tips (DAT) tended to increase with exposure temperatmire, and
exposure time, Fig. 6. Variability in depths also increa=sed with
temperature and time. Multiple linear regression was t—herefore
performed using the cube root of oxide depths, in eorder to
equalize the variability of depth responses across all comnditions.
The resulting regression equations both showed  strong
dependencies of oxide depth on exposure temperature and ~ time:

DCL'=0.8160+0.1283*T+0.0781*LT ; R%4=0.776  (2)
DAT'A=1.1691+0.2283*"+0.1265*LT" ; R%4=0.727  (3)

T’=(temperature-677)/27 and LT’=(log(time)-2.2052)/8.0~-720).

Simple linear regressions of log(life) with the depth of the
continuous Ni,Co oxide layer (DCL), and the depth. to the
aluminum oxide tips (DAT) were also performed. Du_€ to the
strong cross correlation between DCL and DAT, these s ariables



1.06 um. The DCL was very close to that predicted by the pre-
exposure based regression equation 2, which gave 0.33 pm.
However, the DAT was greater than that predicted by the pre-
exposure-based regression equation 3, which gave 0.86 um. This
suggested that the lower lives of cyclic dwell tests could be
associated with enhanced surface oxidation.

ME3 Fatigue Test Results
Additional fatigue tests were performed on disk alloy ME3 to

understand the causes of low lives in cyclic dwell fatigue tests and
possible relationships to prior exposure effects. Cyclic dwell tests
were first performed on ME3 at 704°C, giving a log mean life of
26,362 cycles and test duration of 439 h at the same total strain
conditions of 0.70%, (Fig. 1). This test duration time was then
used for the prior exposure condition. This allowed clear
comparisons at constant exposure temperature and time. The
contribution of environmental attack was isolated by comparing
prior exposures of 704°C/439 h in air versus vacuum. Prior
exposure in air reduced fatigue life about 50% from unexposed
levels (Fig. 9), and usually induced surface oxide-initiated
failures. Prior exposures in vacuum did not significantly reduce
subsequent mean fatigue life from unexposed levels, indicating
the air environment was strongly contributing to the damage.
Long exposures could also be detrimental by reducing beneficial
compressive residual stresses produced near the specimen surface
during machining. These effects were evaluated by electro-
polishing away the surface layer on several specimens before
conventional fatigue testing. The fatigue lives of these specimens
showed more scatter than unpolished specimens, but fatigue life
was not consistently reduced by the electro-polishing.  This
indicated relaxation of beneficial compressive residual stresses
was not strongly driving the life reductions due to exposure.
Cyclic dwell testing was again most damaging, reducing mean
fatigue life about 90% in comparison to unexposed, conventional
fatigue test life. Therefore, the mixing of fatigue and environment
damage in each cycle was an important consideration in
determining service exposure effects on life.
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Fig. 9. Fatigue lives for ME3 at 704°C for different conditions.

Failure analyses results reflected those for U720. Conw entional
0.33 hertz tests on unexposed as-machined and electropolished
specimens typically failed from cracks initiated at interraal grain
facets or ceramic inclusions. Specimens pre-exposed in vacuum
also failed from these features, however specimens pre-exposed in
air usually failed from cracks initiating at surface oxide layers.
Cyclic dwell test specimens invariably failed form these surface
oxide cracks.
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Fig. 10. Comparison of oxide layers in ME3 tests: a. pmre-exposed
704°C/439 h, b. 704°C, cyclic dwell, total test tim< 439 h.
Hatched arrows indicate continuous layer of Ni, Co-r~ich oxide;

open arrows indicate fingers of Al-rich oxide. Filled arrows
indicate vy’ depleted superalloy.

The oxide layers were examined in metallographic — sections
prepared normal to the loading axis of these specimens a=s before.
Specimens without pre-exposure or pre-exposure in vaceaum had
similar, very thin surface oxide layers of less than 0.5 um.
Specimens pre-exposed in air or tested with cyclic dwell=s for the
same total time at temperature are compared in Fig. 10. M™ote that
this clear comparison of pre-exposed and cyclic dwell sp»ecimens
with the same total time at temperature was not possible for the
U720 tests. The ME3 specimen micrographs shown repre=sent the
greatest depths of attack observed in each metallographic- section.
Such locations would be expected to represent preferrecd fatigue
crack initiation sites. In both cases, a continuous outer layer of
Ni, Co-rich oxide is present, along with underlying Al-riech oxide
fingers. Continuous layer, finger tip, and v * depletion depths are
all increased by roughly 100% for the cyclic dwell specirmnen over
those of the pre-exposed specimen. This appears consis€ecent with
the lower lives of the cyclic dwell specimens over specimraens pre-
exposed for the same temperature and time, and confirms —the prior
indications for U720. Cyclic dwells produce greater d_epths of
attack for the same temperature and time, apparently due to some
sort of stress-enhanced diffusion of the oxidizing elememts to the
exposed surface. Additional cyclic tests varying stress  profiles
would be necessary to help understand the stress a—nd time
dependencies of this surface oxidation process, and to re Jlate it to
more complicated engine service cycles.

Summary of Results and Conclusions
In summary, prior exposures significantly affected fatiz=ue life.
The exposures reduced life and increased the scatter in life,
compared to unexposed levels.  Fractographic evealuations
indicated the failure mode was shifted in many casess by the
exposures from internal to surface crack initiations. Exp=<riments
using vacuum exposures showed microstructural overag=ing was



not driving the reductions in life. Electropolishing experiments
showed that relaxation of beneficial compressive residual stresses
from machining also did not drive the life reductions. Instead, the
air environment was causing the reductions in life. The increased
scatter in life was related to the competition between internal
crack initiations at inclusions or large grains producing longer
lives, and surface crack initiations at environment-affected surface
layers producing shorter lives. Surface crack initiated failures and
associated shorter lives did approach those of more service-
realistic cyclic dwell fatigue tests, as well as in tests at higher
temperatures. However, a fatigue-environment interaction
produced lower lives in the cyclic dwell tests than for pre-exposed
specimens, for the same total time at temperature. The fatigue-
environment interaction produced greater depths of an outer
continuous layer of Ni, Co-rich oxide and underlying Al-rich
oxide fingers, related to a stress-assisted oxidation process.

It can be concluded that prior exposures can be used to help
approximate some aspects of service exposure effects. The
exposures accomplish this by shifting to some degree the probable
failure initiation site from internal sites to the environment-
affected surface layer, as observed in cyclic dwell tests performed
to simulate service conditions. This produces a significantly
lower, more service-realistic life than for internally initiated
failures often observed in conventional 0.33 hertz LCF tests.
However, some combination of higher temperature and longer
exposure time appears necessary to give low lives comparable to
service exposures as simulated in the cyclic dwell tests. In order
to use this approach to approximate service effects on life, it
would be necessary to screen pre-exposed versus cyclic dwell
tests, then select sufficiently long exposure times which can
induce this surface failure initiation mode and the low cyclic
dwell lives. It would then still be necessary to segregate the
resulting lives of pre-exposed specimens according to failure
initiation site. The lives corresponding to surface-initiated
failures could be developed to reasonably approximate cycle
dwell and service lives. Lives corresponding to internally
initiated failures should be considered separately.  These
internally initiated failures could in some cases approximate
exposure effects associated with microstructural instabilities and
defects, rather than environmental effects.

Service conditions could also entail more hostile environments
than air at 1 atmosphere as used here. Different locations on
compressor disks could be subjected to air at variously elevated
pressures and temperatures. Locations on turbine disks could be
subjected to high pressure air or combustion products at elevated
temperatures. Salt deposits promoting hot corrosion could also be
present. These environments would affect the environmental
attack processes, and would also need to be considered in
determining service effects on fatigue life.
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